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In this work, single crystal L10 FePt nanocubes have been successfully produced by a cluster beam
deposition technique without the need of post annealing. Particles have been deposited by dc magnetron
sputtering using high Ar pressures on both single crystal Si substrates and Au grids for the measurement
of magnetic and structural properties, respectively. The nanocubes have a uniform size distribution with
an average size of 5 nm. At 1 Torr, the particles have the L10 structure with an order parameter of 0.5
and a RT coercivity of 2 kOe with high switching fields observed in the hysteresis loop. Further
annealing increased the particle size to 20 nm and the RT coercivity to 10.2 kOe with perfect chemical
ordering. In addition to these nanocubes, micron size rods with the L10 structure have been observed
near the cluster gun. SEM analysis showed that these rods consist of nanoparticles with 20 nm average
size. Surfactant assisted high-energy ball milling has been used to separate the nanoparticles from the
rods. After one hour of milling, these 20 nm particles showed a room temperature coercivity of 9 kOe
with an order parameter of 0.85. These FePt nanocubes have a potential for use in the development of
future high-density magnetic recording media because of their high coercivity, good shape and very
C 2012 American Institute of Physics. [doi:10.1063/1.3679085]
narrow size distribution. V
I. INTRODUCTION

In the last decade, there has been an increasing emphasis
on exploiting the size-dependent behavior of magnetic nanostructures. Such studies are important for tailoring the particle
properties for the specific application.1,2 Magnetic nanoparticles
are currently being used in many applications; magnetically
soft nanoparticles currently in use for cancer detection as a contrast enhancer (MRI) and for cancer treatment as a targeted
drug carrier.3 On the other hand, magnetically hard nanoparticles are currently in use for magnetic filters, magnetic sensors,
development of high performance magnets as building blocks
for the bottom-up approach and most importantly for the development of ultra high-density magnetic recording media.4,5
Fabrication of well-separated, single crystal nanoparticles with moderate coercivity plays a key role in the development of high density recording media. Possible candidates
for this application are the Sm-Co, Nd-Fe-B or (Fe, Co)-(Pt,
Pd) alloy nanoparticles due to their high magnetic anisotropy
that overcomes the superparamagnetic limit.5 Production and
final use of Rare Earth based nanoparticles are very troublesome due to the high reactivity of these materials. In contrary, FePt nanoparticles are extremely resistant to oxidation.
FePt nanoparticles become magnetically hard when they are
formed in the face centered tetragonal (FCT, L10) structure.6,7
As-made nanoparticles are usually in the face centered cubic
(FCC, A1) structure and post annealing is necessary for the
phase transition to FCT, which results in uncontrolled agglomeration of nanoparticles. Production of FCT FePt nanoparticles
without any post annealing is of a key importance. Most widely
used methods to produce as-made FCT phase FePt nanoparticles
a)
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include high temperature chemical synthesis8 and cluster beam
deposition.9,10 The latter technique with the introduction of inflight annealing has been used by several groups.9,10
Though the method produces the needed nanoparticles,
expensive and complicated in-flight annealing ovens have to
be constructed. Also, the particle shape cannot be controlled
and the ordering is not complete. Qui et al.11–13 introduced a
much simpler and cost effective method to produce FCT
FePt nanoparticles. This method uses a Fe pole piece on the
top of the target to condense the nanoparticle formation near
the cluster gun by extending the field lines around the target.
Therefore, particles spend more time near the high current
applied target and become L10 ordered.
In this work, we used this technique with very high target
power (300 W) to produce shape controlled (nanocubes), well
separated, single crystalline nanoparticles with a narrow size distribution. In addition to the nanoparticles, micron size rods consisting of nanoparticles have been produced near the cluster gun.
II. EXPERIMENT

Schematic illustration and detailed description of the cluster-beam deposition system can be found elsewhere.14 The base
pressure in the sputtering chamber was 2  107 Torr and high
purity Ar (99.9999%) was used for the deposition with a pressure of 5 mTorr inside the main chamber and 1-2 Torr inside the
cluster gun (CG). A dc power of 80-300 Ws was applied to the
FePt 50:50 alloy target. Samples were sputtered on 500 lm thick
Si (100) wafers for magnetic measurements and on Au grids for
transmission electron microscopy (TEM) studies. The samples
were coated with carbon using a dc power of 24 Ws. Ball milling experiments were performed in a Zirconia milling vial with
Zirconia balls using a planetary ball mill (Frithsch Pulverisette
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FIG. 1. (Color online) TEM image of the as-made FePt nanoparticles deposited
at 80 W target power; inset shows the SAED and hysteresis loop of the particles.

7). Hexane (99.8%) was used as the milling medium and oleic
acid (OA) (90%) as the surfactant. Microstructure characterization and composition analyses of the samples were performed
with JEOL JEM-3010 TEM and JSM 6330 F SEM. Magnetic
measurements at room temperature and below were made with
a Quantum Design Versalab vibrating sample magnetometer
(VSM) with a maximum field of 3 T. X-ray diffraction (XRD)
measurements were made with Rigaku Ultima IV.
III. RESULTS AND DISCUSSIONS

Figure 1 shows the as-made nanoparticles at 80 W target
power without the use of the iron pole piece. Particles have the
fcc structure (Fig. 1 inset) and soft magnetic properties (Fig. 1
inset). After the introduction of the iron pole piece at the same
power, particles started to grow in cubic shape (Fig. 2). However, the surface of the particles is still covered with small
clusters that suggest that formation has not ended. In addition
to the cubic shape, ordering to L10 has also started (Fig. 2
selected area electron diffraction (SAED) and hysteresis loop
insets). These results are similar to the work of Qui et al.11,12
At 300 W target power, samples have been collected both
on the Si substrate and near the cluster gun. In the sample collected on Si substrate 95% of the particles develop a cubic
shape with well defined edges free of small cluster impurities
(Fig. 3(a)). Particles have an ultra narrow size distribution
with an average particle size of 6.5 nm and a deviation of
0.2 nm. High resolution TEM (HRTEM) image shows single
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FIG. 2. (Color online) HRTEM image of the as-made FePt nanoparticles deposited at 80 W target power with iron-pole piece; inset shows the SAED
and hysteresis loop of the particles.

crystalline particles indexed to (002) plane of the L10 FePt
(Fig. 3, inset). Further annealing at 600  C for 30 min.
increased the average particle size to 20 nm. Shape is no longer cubic due to uncontrolled agglomeration (Fig. 3(b)).
Samples near the cluster gun showed a quite different morphology. To our surprise, the samples consisted of FePt micron
size rods (Fig. 4(a)). Higher magnification of the rods revealed
that the rods consist of 20 nm size particles (Fig. 4(b)). Possible
reason for the rod formation could be the strong magnetic field
near the cluster gun. While the 6.5 nm cubes fly to the Si substrate un-effected, the 20 nm size particles were strongly magnetic and attracted by the magnetic field, therefore landing near
the gun. Due to the outwards radial distribution of the field lines
around the gun, the particles formed a rod shape sample. In
order to separate these particles from the rod, surfactant assisted
ball milling (SABM) technique has been applied to the rods.
Particles with size in the range of 10-20 nm were successfully
separated and dispersed on a TEM grid (Fig. 4(c)).
Room temperature hysteresis loops of the as-made (Hc ¼ 2
kOe) and annealed nanocubes (Hc ¼ 10.2 kOe), as-made rods
from gun (Hc ¼ 9 kOe) and the SABM separated nanoparticles
(Hc ¼ 8 kOe) can be seen in Fig. 5. The apparent high switching
field of more than 15 kOe observed in the as-made nanocubes
may be related to highly ordered particles; this indicates compositional differences among the particles, even though the average
composition of the particles from the energy-dispersive X-ray

FIG. 3. (a) TEM image of the as-made FePt
nanoparticles deposited at 300 W target
power with iron-pole piece; inset shows the
HRTEM of the particles, (b) After annealing
at 600  C for 30 min.
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FIG. 4. (a) SEM image of the as-made FePt rods collected from near the
cluster gun deposited at 300 W target power with iron-pole piece, (b) higher
magnification SEM image of the rods, (c) TEM image of the FePt particles
from the rods after SABM.
15

spectroscopy analysis is close to 50:50. On the other hand, a
possible reason for the average low coercivity could be due to
Pt segregation on the surface of the FePt nanoparticles, which
creates a soft or non-magnetic layer on the surface.16 This is not
the case for the rods since they spent more time near the cluster
gun and became more ordered.
XRD data for the as-made and annealed nanocubes and
as-made rods can be seen in Fig. 6. Ordering parameter
S ((ISIf0/IS0If)1/2)17 for all three samples has been calculated.
Order parameters S are found 0.5, 1, and 0.85 for the as-made,
annealed nanocubes and as-made rods, respectively. SiO2 contamination of the rod sample is due to sand blaster that has
been used to collect samples from the vicinity of the gun.
Previous reports showed that the typical single crystal
FCT FePt nanoparticle shape is octahedral because it has the
lowest energy.11,12 Although particles with the low ordering
parameter 0.5 have the cubic shape, the possibility of particles becoming octahedral by improving the ordering cannot
be excluded. On the other hand, at very high sputtering
power it is very unlikely to expect the typical shape formations due to the non-equilibrium conditions.
Morphology and structure analysis is underway for FePt
nanoparticles deposited at even higher powers and higher
pressures.

FIG. 5. (Color online) Hysteresis loops of the as-made and annealed nanocubes, as- made rods from gun and the SABM separated nanoparticles at
room temperature.

FIG. 6. XRD data of the as-made and annealed nanocubes and as-made rods
from gun.

IV. CONCLUSIONS

Ordered FePt nanocubes with an average size of 6.5 nm
have been produced with one step fabrication using the Fe
pole piece attached to the cluster gun at very high target
powers (300 W). In addition to the nanocubes, rod formation
has been observed near the cluster gun. These rods are highly
ordered and consist of 20 nm average size nanoparticles. The
nanoparticles were separated by SABM technique by using
the oleic acid as the surfactant and Hexane as the milling
media. Both the nanocubes and the nanoparticles (separated
from the rods) are potential candidates for the next generation ultra high density magnetic recording media.
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